INTRODUCTION
Hepatocellular carcinoma (HCC) incidence rates have tripled in the United States over the last 30 years. 1 Alpha-fetoprotein (AFP) level has been the most commonly used prognostic marker in HCC. Decreasing AFP levels have been used to predict successful HCC downstaging and response to antiangiogenic therapy, whereas high AFP levels have been associated with poor liver transplant outcomes. [2] [3] [4] However, it lacks both sensitivity and specificity as a prognostic biomarker. Various studies have also examined explanted livers for genetic signatures to identify favorable outcomes. [5] [6] [7] However, this can be technically challenging, and tumor tissue is often unavailable when deciding upon the optimal treatment strategy. CA19-9, or sialyl Lewis A antigen, is expressed on cancer cells as a glycolipid and an O-linked glycoprotein. 8 Serum levels may be elevated in benign conditions and in pancreatic, biliary, gastric, esophageal, and colonic cancers. 9, 10 Elevated CA19-9 may also predict prognosis and response to therapy in patients with pancreatic malignancies, cholangiocarcinoma (CC), or mixed HCC-cholangiocarcinoma (HCC-CC). 11, 12 It has not been extensively studied in HCC patients. More recently, elevated preoperative CA19-9 levels have been associated with worse survival in HCC patients who were resected or underwent liver transplant. 13, 14 In this study, we examined whether elevated CA19-9 at the time of HCC diagnosis is predictive of increased mortality in a heterogeneous cohort of patients who underwent different treatments. If further validated, this biomarker may be used to help assess the appropriateness of various treatment approaches.
METHODS
Subjects. We prospectively enrolled 145 patients aged 18 years or older with HCC, diagnosed using American Association for Study of Liver Diseases criteria, between October 2008 and November 2012. Subjects were followed until December 2012. Data were prospectively collected as part of another study where body mass index measurements were needed. Thus, patients with ascites or Child-Pugh C cirrhosis were excluded to avoid confounding with ascites. Patients with cancer within the last 5 years, prior or current systemic chemotherapy, or previous liver transplant were also excluded. Patients with prior local therapy or resection were eligible as long as they had recurred and had measurable disease by Response Evaluation Criteria in Solid Tumors criteria. The protocol was approved by the Institutional Review Board at Columbia University Medical Center, and written informed consent was obtained from all subjects prior to enrollment.
Data collection. Patients were recruited in outpatient oncology and liver clinics. Upon enrollment, subjects completed an epidemiologic questionnaire and underwent a physical exam. Clinical data were obtained from the questionnaire and corroborated by the electronic medical record. Baseline fasting blood samples were drawn, including basic metabolic and hepatic panels, complete blood count, viral and autoimmune serologies, iron studies, ceruloplasmin, and alpha-1 antitrypsin to determine the etiology of liver disease. Other underlying causes of liver diseases were confirmed by clinical history and/or liver biopsies. Alcohol intake was considered significant for patients who were reported consuming two or more standard drinks per day (28 gm) for a year at any point in their lifetime. Diabetes mellitus was based on clinical history or enrollment fasting glucose level ≥ 126 mg/dl. Survival data were obtained by using information from office visits, hospitalizations, or from the national social security death index. Tumor markers AFP and CA19-9 levels were obtained using the Associated Regional and University Pathologists, a national reference laboratory where Roche CA19-9 electrochemiluminescent immunoassay and Beckman Coulter Access DxI AFP assays were used. Clinical data such as tumor number, largest tumor diameter, and evidence of vascular invasion were obtained by evaluating pretreatment imaging by one radiologist (SV).
Pathological examination. CA19-9 immunohistochemistry was performed on paraffin-embedded liver specimens from 10 and 12 randomly selected patients with elevated serum CA19-9 (≥38 U/ml or median) and low serum CA19-9 (o38 U/ml), respectively. Primary antibodies against CA19-9 antigen were used (Ventana, Roche, Rocklin, CA). We stained sections that included both tumor and adjacent nontumor liver parenchyma (Supplementary Figure 1) . The positive CA19-9 stain of native bile ducts as well as of reactive ductules represents an internal positive control for the staining. A positive CA19-9 stain of native larger portal bile ducts in non-tumoral liver parenchyma for both patients with high and low serum CA19-9 serves as an additional internal control. At last, separate staining of the non-tumor liver away from the tumor showed similar staining to peritumoral liver. The slides were stained by the clinical pathology immunohistochemistry laboratory using an automated procedure validated for clinical pathology use. Because CA19-9 marked both bile ducts and cells with hepatobilliary features, cytokeratin 7 (CK7; a marker of bile ducts and progenitor cells) immunostain was examined on serial sections to assess for similarity in staining pattern and cell types.
Radiological examination. A radiologist blinded to patient serum CA19-9 levels reviewed the closest pre-treatment imaging study (magnetic resonance imaging or computed tomography scan) within 1-2 months of enrollment date. Tumors were characterized as central, intrahepatic, or peripheral to determine whether CA19-9 levels correlated with tumor location. Central tumors were defined subjectively as tumors near the hilum, segment 1, or near the origins of main right and left portal vein. Peripheral tumors were defined as o3 cm from the margin of the liver if within the liver, or were on the liver surface. Intrahepatic tumors were defined as any tumors between central and peripheral tumors.
CA19-9 elevation has also been associated with benign and malignant biliary obstruction, 9,10 so we examined whether CA19-9 levels correlated with biliary dilatation seen on imaging or elevations in biochemical indices related to biliary obstruction. The radiologist measured intrahepatic bile duct size within each liver segment, with dilatation defined as 44 mm. 15 Extrahepatic biliary dilatation was defined as 44 mm in patients under 50-year old and defined as greater than the calculated age-appropriate diameter in those over 50-year old (common bile duct size increases approximately 1 mm per decade). 16, 17 Statistical analysis. Associations between CA19-9 levels (≥100 or o100 U/ml) and patient enrollment clinical and tumor characteristics (all as categorical variables) were analyzed using Χ 2 -tests. We used a cutoff of CA19-9 ≥ 100 U/ ml in our main analysis because levels o100 U/ml are often seen in cirrhosis and hyperbilirubinemic patients. 18 Pearson's correlation coefficients were used to examine associations between biomarker levels and other continuous variables. We analyzed the relationship between CA19-9 and time to death using Kaplan-Meier curves and Cox Proportional Hazards Models. In addition to using a CA19-9 cutoff of 100 U/ml, we defined other cutoffs for low and high levels of CA19-9 using quartiles of baseline serum levels (18, 38 , and 88 U/ml).
To determine whether CA19-9 independently predicted prognosis, clinically relevant variables that achieved statistical significance in the univariable analysis were included in the multivariable Cox proportional hazards models. We included Barcelona Clinic Liver Cancer Staging (BCLC Stage B+C vs. 0+A) and Milan (outside vs. within) in two separate multivariable models because elements of Milan criteria (one lesion ≤ 5 cm or three lesionsr3 cm) are part of the BCLC staging classification. Because macrovascular invasion was more prevalent in patients with elevated CA19-9 (≥100 U/ml) and different treatment interventions might confound the outcome of the analysis, these variables were included in a third multivariable model. Subjects contributed person-time for survival analyses from the date of enrollment to the date of death or date of censoring. Subjects were censored if they were lost to follow-up or at the end of study period (December 2012).
To further evaluate the predictive value of CA19-9 in this hypothesis-generating study, we assessed hazard ratios for CA19-9 levels in patient subgroups with different clinical characteristics and for different cut points of AFP. An AFP 41000 ng/ml has been associated with worse outcomes after liver transplantation. 19, 20 AFP 4100 ng/ml has also been associated with increased mortality, and levels o100 ng/ml have been associated with successful downstaging with locoregional therapy. 2, 21 We used median AFP (45 ng/ml), normal AFP (≤8 ng/ml), AFP 4100 ng/ml, and AFP41000 ng/ml as various cutoffs for low and high AFP levels. All analyses were performed with SAS Version 9.3.
RESULTS
Patient clinical characteristics. We prospectively enrolled 145 patients from 2008 to 2012. No patients had CC on explant pathology, and one patient had mixed HCC-CC. Four patients had macroregenerative nodules and complete tumor necrosis. These patients were included in the analysis.
The median age of subjects was 62 years; 79% were male, 59% had underlying hepatitis C virus, and 16% had hepatitis B virus (Table 1 ). More than half (57%) were outside Milan criteria (one lesion ≤ 5 cm or three lesions all o3 cm) and 61% had BCLC stage B and C at enrollment. Fifty percent of the patients were within University of California, San Francisco criteria (one lesion ≤ 6.5 cm or three lesions with largest lesion ≤ 4.5 cm and total tumor diameter ≤ 8 cm). Median survival of the cohort was 18.2 months (interquartile range could not be calculated because of censoring) and median follow-up was 8.3 months (interquartile range = 385 days). Eighteen patients were lost to follow-up; baseline CA19-9 levels were not significantly different in these subjects. Twenty-two percent of the patients had an elevated CA19-9 ≥ 100 U/ml. Median survival was 20.3 months and 5.9 months for patients with CA19-9 o100 U/ml and CA19-9 ≥ 100 U/ml, respectively ( Figure 1a ). CA19 ≥ 100 U/ml was significantly associated with ≥ 3 tumors, peripheral tumors, and macrovascular invasion defined by imaging (Table 1) .
Thirty-six percent of subjects died during follow-up (46% when excluding patients who underwent liver transplant). Twenty-four percent underwent liver transplant over the course of follow-up and 18% were resected. One of the 35 transplanted patients died from recurrent HCC. 16% of the patients had biopsy proven metastatic HCC; 19 patients were treated with sorafenib while one patient was treated with erlotinib. Five patients were treated with an insulin growth factor receptor inhibitor study drug in addition to sorafenib as part of a clinical trial. Most (75%) patients underwent locoregional therapy such as transcatheter arterial chemoembolization or radiofrequency ablation in their treatment course.
Univariable analysis. In the univariable analysis, CA19-9 ≥ 100 U/ml was associated with an almost threefold increase in mortality (HR: 2.72; 95% CI: 1.52-4.88, Po0.001). Other cut-points for CA19-9 yielded similar results, although not all were statistically significant ( Table 2 ). Other factors associated with increased mortality were BCLC stage B and C, presence of metastases, elevated AFP, HCC outside Milan criteria, having a higher Model for End-Stage Liver Disease (MELD) score, and having Child-Pugh B liver disease ( Table 2) . Etiology of liver disease, such as hepatitis B or C, was not a statistically significant predictor and thus was not included in the multivariate analysis.
Multivariable analysis. A CA19-9 ≥ 100 U/ml independently predicted a 2.6-fold increase in mortality (HR: 2.58; 95% CI: 1.41-4.72, P = 0.002) ( (Table 4) .
We next evaluated the prognostic value of CA19-9 in patient subgroups with different clinical characteristics, including those with high or low AFP levels. Among patients with AFP 4100 ng/ml, median survival was longer when comparing those with low CA19-9 (o100 U/ml) to those with high CA19-9 (≥100 U/ml) levels (15 vs. 6 months; P = 0.0001, log-rank) AFP, Alpha-fetoprotein; BCLC, Barcelona Clinic Liver Cancer; CI, confidence interval; HR, hazard ratio; MELD, Model for End-Stage Liver Disease; n, number of patients. Median survival was 609 days and 178 days for patients with CA19-9o100 U/ml and CA19-9 ≥ 100 U/ml, respectively. a Continuous variable. Bold type signifies *P ≤ 0.05. Association of elevated CA19-9 with increased mortality Hsu et al.
( Figure 1b ). This was even more pronounced with higher AFP levels. In the group of patients with AFP 41000 ng/ml, median survival was 12 months compared with 2 months when comparing those with low CA19-9 to those with high CA19-9 (P = 0.01, log-rank). CA19-9 ≥ 100 U/ml remained predictive of mortality after stratifying results by other clinical characteristics. CA19-9 ≥ 100 U/ml was associated with a two-to threefold increase in mortality in patients with BCLC stage B or C HCC, and HCC outside of Milan criteria (HR 2.84; 95% CI: 1.50-5.41, P = 0.001 and HR 2.04; 95% CI: 1.09-3.81, P = 0.02, respectively) ( Table 5 ).
CA19-9 immunohistochemistry. Pathology specimens from hepatic resections and liver transplant explants were available for 51 out of 145 (35%) patients. Liver biopsy specimens were available for 39 out of 145 (27%) patients. HCC was confirmed in all specimens except for one explant that was consistent with mixed HCC-cholangiocarcinoma. There were no pure cholangiocarcinomas based on available pathology review. The tumor sections we stained were selected to include both tumor and adjacent non-tumor liver parenchyma. Interestingly, no tumors showed CA19-9 staining. In patients with elevated CA19-9 (≥100 IU/ml), we observed increased CA19-9 staining and a proliferative ductular reaction in the surrounding non-tumor liver parenchyma ( Figure 2 ). We identified CA19-9 staining of native and reactive bile ducts, and also a population of small progenitor-like cells and cells with intermediate hepatobiliary phenotype. The CA19-9 staining was similar in the regions adjacent and away from the tumor. All patients (n = 10) with elevated serum CA19-9 had positive staining, whereas only 5 out of 12 patients with low serum CA19-9 had this pattern. CK7, a marker of progenitor cells and bile ducts, showed a similar staining pattern as CA19-9 in non-tumoral liver in serial sections (Figure 2) . 22, 23 It highlighted native and reactive bile ducts as well as a population of more primitive cells with a cord-like arrangement and single-cell distribution at the periphery of the cirrhotic nodules. In contrast to CA19-9 stain, the CK7 stain was also positive in patients with low serum CA19-9, although with fewer positive cells and less ductular proliferation, when compared with patients with high serum CA19-9.
In five patients with low serum CA19-9, CA19-9 positive staining was also observed. Two patients had HCC that was biologically more aggressive and similar to patients with elevated serum CA19-9. One patient had borderline serum CA19-9 (34 U/ml) and two patients had immunostaining performed on liver resections prior to entry of the study that limits the interpretation of their staining.
Radiological examination. CA19-9 was not associated with extrahepatic or intrahepatic biliary dilatation observed on imaging (OR 1.37, P = 0.24, and OR 1.1, P = 0.29, respectively). Serum CA19-9 correlated with total bilirubin, but not with alkaline phosphatase or common hepatic duct size on imaging (total bilirubin: Pearson's correlation coefficient 0.30, P = 0.0003, alkaline phosphatase: 0.07, P = 0.41, common hepatic duct size = 0.09, P = 0.30). No patients were actively infected with cholangitis at time of serum CA19-9 collection, as this would have excluded them from study participation. However, as biliary obstruction could potentially confound our outcome, we included it as a covariate in another multivariable model. CA19-9 remained an independent predictor of mortality even with inclusion of total bilirubin in the model (HR: 1.98; 95% CI: 1.02-3.82, P = 0.04). Interestingly, CA19-9 ≥ 100 was associated with peripheral tumors seen on imaging, but not central tumors (Table 1) . Association of elevated CA19-9 with increased mortality Hsu et al.
DISCUSSION
Better prognostic serum biomarkers are needed to predict outcomes in those with HCC. Some risk factors associated with worse prognosis, such as poor tumor differentiation and microvascular invasion, are often only available after surgery. 19 Elevated AFP levels have been associated with poor prognosis. 4, 24 However, AFP can not only be normal in HCC patients but also be elevated in patients without HCC. 25, 26 CA19-9 is a readily accessible serum biomarker, which has been used primarily in patients with pancreatic and biliary malignancies. The prognostic value of CA19-9 has not been extensively studied in HCC. In two small retrospective studies, an elevated CA19-9 level has been associated with increased mortality in patients with mixed HCC-CC, specifically a 7.5-fold increase in mixed HCC-CC patients with CA19-9 ≥ 80 U/ml. 12, 27 More recently, elevated preoperative CA19-9 was shown to be predictive of worse survival in HCC patients who underwent liver transplant or resection.
13,14 Wan et al. 13, 28 reported that in patients with either elevated serum CA19-94100 U/ml or AFP4400 ng/ml, the 5 year posttransplant survival decreased to 40.5%, in contrast to the 75% observed for HCC patients transplanted within Milan criteria. A single elevated marker (either AFP 4400 ng/ml or CA19-9 4100 U/ml) was predictive of 2.67-fold increased mortality risk (HR: 2.67; 95% CI 1.65-4.33, Po0.001). However, both of these reports are Asian studies with a predominantly hepatitis B population.
Our data show that a serum CA19-9≥ 100 U/ml is associated with a 2.6-fold increased mortality risk in a multivariable analysis (HR: 2.58; 95% CI: 1.41-4.72, P = 0.002) of a large cohort of unselected HCC patients in the United States. In contrast, our patient cohort has predominantly hepatitis C and underwent various different treatments, suggesting potentially greater generalizability. In the previously mentioned study by Wan et al., only a small percentage of patients (14.2%) had elevated CA19-9 4100 U/ ml, and a majority (81.3%) of those patients were outside Milan criteria, which was not adjusted for in the multivariable analysis. We directly adjusted for variables including outside Milan criteria, Child-Pugh class, BCLC stage, AFP, MELD, and various treatment interventions that could potentially confound our outcome in the multivariable analysis.
Macrovascular invasion is known to be associated with worse prognosis and was more common in our cohort of patients with high CA19-9 (≥100 U/ml). However, we show that even after adjusting for macrovascular invasion, CA19-9 remained an independent predictor of worse prognosis (HR: 2.16; 95% CI: 1.07-4.34, P = 0.03). Interestingly in our analysis, liver transplant was the only treatment regimen that was statistically significant in reducing mortality (HR: 0.15; 95% CI: 0.04-0.55, P = 0.004). It was associated with an 85% risk reduction. Loco-regional therapy, hepatic resection, and chemotherapy were associated with decreased mortality, but were not statistically significant. This could be related to small sample sizes, or due to fairly advanced HCC that may have limited response to these treatment interventions.
We had also pursued CA19-9 immunohistochemistry and expected to see CA19-9 staining of the actual tumor tissue, suggesting a mixed cholangio hepatocellular phenotype known to be associated with worse prognosis. Surprisingly, no tumor stained positively for CA19-9. We observed that patients with elevated serum CA19-9 had a striking increase in surrounding ductular proliferative reaction and positive CA19-9 immunostain of progenitor-like cells and intermediate hepatobiliary cells in the non-tumor regions. These cell types also expressed CK7, a marker of biliary epithelium and liver progenitor cells. 22, 23 It is possible that stromal progenitor cell activation and ductular proliferation are associated with increased hepatocarcinogenesis, and are contributing to the clinically observed increased mortality. Interestingly, intermediate hepatobiliary cells with CK7 expression have been associated with increased risk of hepatocarcinogenesis in hepatitis C cirrhosis patients, and worse survival and increased intratumoral proliferation in patients with combined HCC-CC. 29, 30 It is also possible that CA19-9 immunostaining correlates with an aggressive HCC phenotype that lacks the distinct histopathological features of a combined HCC-CC. Two patients with low serum CA19-9 but with positive CA19-9 immunostaining had HCC that was biologically more aggressive and similar to patients with elevated serum CA19-9. This suggests that a positive CA19-9 immunostain may be more sensitive than serum levels in detecting an aggressive HCC. Assessment of more explants and more detailed molecular characterization of these tumors are needed to clarify this.
A subtype of HCC associated with worse prognosis that shares a gene signature similar to fetal hepatoblasts has been previously described. This subtype shares similar genetic features as hepatic oval cells or hepatic progenitor cells. 31 More recently, hepatic progenitor cells transfected with oncogenic viruses were shown to give rise to anaplastic tumors, whereas fetal hepatoblasts treated similarly yielded tumors with a cholangiocarcioma-like phenotype. 32 HCCs with a progenitor phenotype correlated more with HBV tumors in this study. In our population, CA19-9 ≥ 100 U/ml was not associated with HBV. However, this might be reflective of differences of our respective populations.
Our study has several limitations. It is a single-center study with a relatively short median follow-up (8.3 months) and with a limited number of cases having available histological specimens (due to the advanced stage of many subjects where biopsies were not considered necessary for HCC diagnosis). Mixed HCC-CC is associated with a worse prognosis, and may have been underdiagnosed in our cohort as histology was only available for 62% of our patients. However, mixed HCC-CC is rare, representing only~1-6.3% of the histologically proven HCC cases at various centers. [33] [34] [35] [36] [37] In a multi-centered Japan Liver Cancer study group manuscript, mixed HCC-CC only represented 1% of the 4765 cases of HCC. 37 Any bias in any case would likely be non-differential and should not affect overall findings.
Moreover, HCC patients with Child-Pugh C cirrhosis were excluded in this cohort. Their mortality is high and median survival time is usually o3 months for untreated HCC. 38, 39 Liver disease thus becomes more important in predicting survival in many patients than tumor characteristics. 38 One study demonstrated that more patients died from liver failure than tumor progression. Independent predictors of survival were Child-Pugh Score (10-15), treatment intervention, AFP4100 ng/ml, and des-γ carboxy prothrombin 4300 mAU/ml but not tumor size or number. 39 These patients are not included in our cohort and it is difficult to predict how inclusion of this subgroup would affect our analysis. Their high mortality can potentially diminish CA19-9's predictive value. However, despite this, AFP and des-γ carboxy prothrombin remained independent predictors in the previously mentioned study. Thus, future studies should be pursued to study this biomarker's predictive value in this subgroup of patients.
Another limitation of our study is that only serum was collected during enrollment, and not whole blood that is needed for Lewis blood group antigen typing. Up to 10% of the Caucasian population do not have the Lewis blood group antigen and do not express CA19-9. 40 These data were not available for our cohort and we were unable to exclude these patients. In addition, we were also unable to perform timedependent analysis of CA19-9. However, our study revealed strong statistically significant results in an unselected, diverse prospectively collected cohort of HCC patients.
In conclusion, CA19-9 independently predicted a 2.6-fold increased mortality in a prospectively collected group of HCC patients in a multivariable analyses. In contrast to the two recent studies, the HCC patients in our cohort underwent a broader array of treatments and had different underlying etiologies of liver disease. CA19-9 remained an independent predictor for survival even after adjusting for treatment outcomes, Child-Pugh, AFP, MELD, Milan criteria, and macrovascular invasion. Future studies should be done to validate this biomarker's ability to risk stratify patients and clarify the mechanisms for this possible relationship.
